The average longevity of hip replacement devices is approximately 10-15 years, which generally depends on many factors. But for younger generation patients this would mean that revisions may be required at some stage in order to maintain functional activity. Therefore, research is required to increase the longevity to around 25-30 years; a target that was initially set by John Charnley. The main issues related to metal-onmetal (MoM) hip replacement devices are the high wear rates when malpositioned and the release of metallic ions into the blood stream and surrounding tissues. Work is required to reduce the wear rates and limit the amount of metallic ions being leached out of the current MoM materials, to be able to produce an ideal hip replacement material. The most commonly used MoM material is the cobalt-based alloys, more specifically ASTM F75, due to their excellent wear and corrosion resistance. They are either fabricated using the cast or wrought method, however powder processing of these alloys has been shown to improve the properties. One powder processing technique used is spark plasma sintering, which utilises electric current Joule heating to produce high heating rates to sinter powders to form an alloy. Two conventionally manufactured alloys (ASTM F75 and ASTM F1537) and a spark plasma sintered (SPS) alloy were evaluated for their microstructure, hardness, tribological performance and the release of metallic content. The SPS alloy with oxides and not carbides in its microstructure had the higher hardness, which resulted in the lowest wear and friction coefficient, with lower amounts of chromium and molybdenum detected from the wear debris compared to the ASTM F75 and ASTM F1537. In addition the wear debris size and size distribution of the SPS alloy generated were considerably small, indicating a material that exhibits excellent performance and more favourable compared to the current conventional cobalt based alloys used in orthopaedics.
Introduction
The performance of metal-on-metal (MoM) hip replacement devices reported over the last decade has shown excellent results in terms of longevity of the implants, with most devices lasting around 15 years [1] . For the older generation, this may seem sufficient, but with an increase in the number of younger patients being fitted with hip replacement devices, the longevity of these implants needs to be increased to almost double the existing longevity [2] . One of the most fundamental problems with these devices is the higher wear rates compared to a ceramic-on-ceramic (CoC) bearing combination [3] . The most common method of failure of these devices is through aseptic loosening of the implant. This is caused due to the wear debris of the material. Therefore, wear is one of the most important factors to be considered. It has been shown that limiting the wear factor can play an important role in the long term viability of the implant [4] . Another factor that has caused major problems for the metallic materials for hip replacement devices is the release of metallic ions [5] . Even though it has been suggested, no proof has been shown that indicates metallic ions cause damage to the surrounding areas, resulting in sarcomas or necrosis [6] . However, the release of ions may not be ideal in terms of excess amounts of ionic content circulating the human system. All metallic materials release metallic ions over time, and limiting these ions would significantly improve the biocompatibility and reduce the risk of failure of the implant and enable patients to be satisfied with the new device in the long Materials Science and Engineering C 32 (2012) [1222] [1223] [1224] [1225] [1226] [1227] [1228] [1229] term. Passivity layers on the surface of the material that protect against degradation become broken due to the wearing process and the metallic ions are released due to metal-blood interactions [7] . Therefore, research is required into limiting the wear rate and release of metallic ions of MoM hip replacement devices and to increase the life span of these implants.
The most common MoM hip replacement device materials are the cobalt based alloys, and more specifically the cobalt-chromiummolybdenum (Co-Cr-Mo) system [5] . The most commercially used alloy for clinical application is the cast version of Co28Cr6Mo (ASTM F75) and the wrought versions ASTM F1537 and ASTM F799 [8] [9] [10] [11] [12] . These alloys have been used extensively and have shown to be a good choice of material for bearing surfaces, due to their excellent mechanical, corrosion and especially wear resistance properties [13, 14] . Metallic alloy properties are determined by their microstructure, which can be enhanced by coating the surface, heat treatment, deforming the alloy, or controlling the processing conditions [15] [16] [17] [18] . Controlling the processing conditions has shown to significantly improve the mechanical properties of the alloy [19] . There are various methods of processing alloys: casting, forging, powder processing. Casting is a simple process of heating the material above its melting point and pouring the molten liquid into a set die and allowing it to cool. This process does not have much scope for variability to produce different microstructures resulting in improved properties. Wrought production is the forging or working of the cast ingot either hot or cold. This has been known to improve the properties, by plastically deforming the material and increasing the strengths of the material [20] . Powder processing is the one method that provides the user the ability to control many factors to produce significantly improved properties [21] .
One powder processing technique that has the ability to significantly improve the properties via microstructural control is spark plasma sintering (SPS). This sintering technique utilises electric current to provide energy to the powders to enable sintering to occur [22] . A pulsed DC current is applied through a conductive graphite die and sintering is initiated via the Joule effect, through high intensity energy [23] . The energy is transformed into heat energy that drives the sintering process and enables even distribution of heat throughout, external through the graphite die and internal through the powders. Various materials have been processed for structural and functional uses and many innovative materials have been fabricated using this process [24] . This process can sinter materials at fast heating and cooling rates and with high pressures, which can limit grain growth resulting in production of samples with improved performance [25] . It is also a very cost effective method as processing time is reduced significantly compared to conventional sintering [26] . It can also produce highly dense materials at low temperatures and be able to produce favourable phases [27, 28] . Patel et al. have shown that producing the F75 composition of the cobalt based alloy via SPS has yielded a microstructure that has hardness closer to that of ceramic materials used in hip replacement devices [29] . In this work, the tribological properties of the powder processed alloy are tested against the commercially used cobalt based alloy to determine its performance in terms of wear and the release of metallic content.
Experimental details

Materials
Three alloys were used in this work: ASTM F75 (Weartech, UK), ASTM F1537 (Lamineries Matthey SA, Switzerland) and an alloy produced via spark plasma sintering (referred in this article as the SPS alloy). This alloy was sintered at 1075°C, with a dwell time of 10 min and a pressure of 100 MPa. This condition was chosen, as it is the optimum condition based upon work conducted by Patel et al. [29] . The counter piece used for the wear test is alumina (Atlas Ball and Bearing, UK). The elemental content of the commercial grade alloys stated by the suppliers is shown in Table 1 . The three metallic materials were formed into a 20 mm × 3 mm disc and the alumina was in the form of a 6 mm diameter ball. Three samples of each material were used for testing.
Microstructure characterisation and phase analysis
The three alloys were evaluated for their microstructure and phase analysis. The microstructure was analysed using scanning electron microscopy (Hitachi S-3400N (SEM)). The phase analysis was conducted with an X'PERT PRO Philips diffractometer operating with CuKα radiation at 45 kV and 40 mA in the scanning range of 30-90°with a step size of 0.03°and a scan time of 400 s per data point.
Microhardness and nanohardness
Microhardness was measured using a Leco M-400-G instrument with the Vickers indentation method (ASTM E92) [30] . Five measurements were taken on all the alloys. Nanohardness was measured using a CSM Instruments Nano Hardness Tester (CSM Instruments, Switzerland) with a diamond Berkovich indenter with a linear loading/unloading rate of 100 mN/min and maximum load of 50 mN. The nanohardness was calculated through the load/displacement curves and the Oliver and Pharr method [31] . Five measurements were taken on all the alloys.
Wear test
Wear testing was conducted using a CSM Instruments Tribometer (CSM Instruments, Switzerland). The discs were polished using silicon carbide paper from 120 to 4000P grade. The initial surface roughness was analysed using a ConScan surface profilometer. The average roughness (R a ) was measured at 0.015 μm, 0.01 μm and 0.01 μm for the F75, F1537 and SPS alloys, which is lower than the 0.05 μm maximum recommended (ASTM Standard F732) [32] .
Three samples of each alloy were tested against the 6 mm diameter Al 2 O 3 ball under the ASTM G133 and ASTM F732 standards [32, 33] . The wear mode was a rotational motion with a 1.5 mm radius, linear speed of 0.04 m/s and a normal load of 5 N. Temperature was set at 37°C with a humidity of 40%. The sliding distance was~2.4 km (250,000 laps). Both alloys and balls were cleaned with isopropanol before wear testing commenced. The lubricating fluid was 25 wt.% bovine serum (Sigma Aldrich, UK) with distilled water and 0.01 wt.% sodium azide (Sigma Aldrich, UK). Serum was collected after testing and frozen for wear particle analysis. The wear rate was measured using the equation V i = k i F s [34] : where V i is the wear volume, F is the normal load, s is the sliding distance and k i is the specific wear rate coefficient. The total wear volume was measured using the wear profile. The wear profile was constructed using a ConScan surface profilometer (CSM Instruments, Switzerland). Images of the wear track were taken using SEM (Hitachi S-3400N). Table 1 Elemental content (wt.%) of ASTM F75 and ASTM F1537 alloys as indicated by the suppliers. In the case of the SPS alloy the attempted composition mimics the ASTM F75 composition but is C free.
Wear particle analysis
The wear particles were analysed for their size and size distribution using Nanosight LM10-HS (Nanosight, UK). 1 ml of unfrozen serum was diluted × 100,000 using Pure Water (Rathburn Chemicals Ltd, Walkerburn). Serum analysis for metal element concentration was conducted using a high-resolution ICP-MS instrument (Element2; Thermo Finnigan, Bremen, Germany). Acid oxidative digestion was used to digest the material within the serum for analysis, including the metallic nanoparticles, the proteins and other insoluble materials. 0.5 ml of extracted serum fluid was digested with 5 ml of nitric acid (Super Purity Solvents grade, Romil) at 100°C for 240 min, using a dry heating block (DigiPrep, SCP Science, Quebec, Canada). After digestion, the remaining fluid was further diluted to 20 ml, ready for analysis. The concentrations of the metal elements are expressed in μg/l.
Results and discussion
Microstructure and phase analysis
The three alloys: F75, F1537 and SPS alloys were evaluated for their microstructure and phases. The F75 and F1537 alloys are the commercially used alloys in hip replacement devices. The F75 alloy is manufactured by the traditional casting method [35] . The F1537 alloy is manufactured using the wrought method, either hot or warm, and can be annealed or unannealed [10] . Their microstructures (Fig. 1a, b) show similarities due to the similar elemental content ( Table 1 ). The microstructures consist of a solid cobalt matrix with interdendritic phases and carbides. The carbides are a combination of either cobalt (Co), chromium (Cr) or molybdenum (Mo) and carbon and are denoted as M n C n where M is either Co, Cr or Mo.
The F1537 comes in two types, either low carbon (LC) or high carbon (HC), depending upon the C content. LC is typically b0.05% and HC is typically >0.2% [10] . The increased C content increases the strengths of the alloy by reducing dislocation movement; therefore the HC alloy has increased wear resistance [36, 37] . The F1537 alloy used in this study is of the LC type as indicated in Table 1 , with the C content b0.05%. X-ray diffraction (XRD) of the F75 and F1537 (Fig. 2) shows the same phases, they consist of the face centred cubic (FCC) Co, M 23 C 6 and sigma (σ). The other alloy is the SPS alloy, manufactured by Patel et al. using nanopowders and spark plasma sintering [29] . The microstructure of the SPS alloy (Fig. 1c) prepared differs from that produced by conventional sintering. Analysis from the XRD phases (Fig. 2) , gives an indication of the phases present in the microstructure. The phases are FCC Co, hexagonal closed packed (HCP) Co, Cr, Mo and chromium oxide (Cr 2 O 3 ).
Some of the phases formed in the F75, F1537 and SPS alloys coincide with those predicted by the phase diagram of the Co-Cr-Mo system [38, 39] . The phase diagrams for this cobalt system (Co28Cr6Mo) show that at low temperatures (~650°C) the most likely phases to form are the HCP Co and σ phases. As the temperature increases (~950°C) further the phases likely to form are σ, HCP Co and FCC Co (γ) phases. With further increase of temperature (1200°C), the γ Co phase is most likely to form and even more increase to 1300°C the same γ phase is the most likely to form [40, 41] . In terms of the F75 and F1537, these are the phases that are mostly found in the microstructure, however, the addition of C makes carbides favour the formation of FCC Co phases (γ) rather than the more thermodynamically-predictable HCP Co phase formed at the lower temperature ends, therefore more γ phases are usually found in these alloys [42, 43] . In terms of SPS, as no carbides are present the most likely phases to form are the γ, HCP Co and σ phases or a combination of these. However, only some of these phases form, such as HCP Co and γ. The Cr and Mo rich phases form as the solubility of the Cr and Mo seems to be low in the SPS alloy, whereas in the CoCr and Co-Mo phase diagram under the SPS sintered conditions the Cr and Mo are highly soluble and form γ phase [44] . With C present these phases are made less soluble as the C binds to form the carbides [45]. Another suggestion for the appearance of the Cr-rich and Mo phases is due to the insufficient time for the solid solution to form due to the fast sintering times in the SPS method. The formation of Cr 2 O 3 is described by Patel et al., and is unique to the SPS system [46] . The Co powder used to form the alloy is passivated with oxygen to enable safer handling as it is very reactive when exposed to air. The sintering technique of the SPS alloy provides the means for the formation of the Cr 2 O 3 phase, as the oxygen from the Co powder is displaced by the Cr due to its higher affinity for oxygen and the formation of Cr 2 O 3 within the microstructure proceeds and this is favourable according to the Ellingham diagrams [47] [48] [49] .
Microhardness and nanohardness
The micro-and the nano-hardness are shown in Fig. 3 which indicates that the SPS alloy has the highest micro and nano hardness. This explains that the microstructure is very hard upon the surfaces and through the top of the surface. The nanohardness, due to the small area of resistance measured, can represent the hardness of individual phases. As indicated by the standard deviation, the ASTM F75 and F1537 have small standard deviations indicating that the microstructure is uniform in terms of its hardness. The standard deviation of the SPS alloy is much larger due to the variations of the hardness. The phases within the microstructure have different hardness; within the F75 and F1537 the hardness is correlated to the carbide content as these phases are the hardest phases found in the microstructure [50] . For the SPS alloy the much higher hardness is attributed to the formation of the Cr 2 O 3 phases [46] . This phase is a ceramic material that exhibits high corrosion resistance and high wear resistance, ideal qualities for a hip replacement device [51] [52] [53] . Compared to the carbides, this has a larger phase content and therefore can influence the hardness. The Cr 2 O 3 hardness (2898 Vickers) compared to the hardness of the carbides (1200-1600 Vickers) formed in the F75 and F1537, is much higher, therefore the oxide in the microstructure gives the alloy a higher hardness [54, 55] . The Cr and Mo rich phases also help to increase the hardness as they can act as solid solution hardeners hindering dislocation movement. The HCP Co phases have fewer slip systems compared to the FCC Co, and with lower number of slip systems the dislocation movement is limited and this can increase the hardness [56, 57] . The nanohardness measurements of the three alloys are higher than the microhardness measurements due to the formation of passive oxide layers. In all three alloys, due to the presence of Cr, the passive layer consists majorly of Cr 2 O 3 , and some minute amounts of oxides of Co and Mo [58] . This oxide as mentioned above has extreme hardness and therefore the nanoindentation measurement would have this film taken into consideration as it forms around the surface of the alloys.
Wear and friction coefficient
The total material volume loss due to wear is shown in Fig. 4 . This shows that the two conventional alloys have a much higher volume loss of material compared to the SPS alloy. This can be related back to the hardness in Fig. 3 . The higher hardness alloy exhibits lower loss of material, as the microstructure is more resistant to the wear. The F1537 alloy has a higher amount of wear material loss compared to the F75 alloy. The low carbon content of the F1537 alloy has been known to give a lower wear resistance compared to the higher carbon content alloys and therefore the amount of wear loss would be greater, as the main strengthening mechanism in these alloys is the carbides. This material loss can be translated into a wear rate coefficient from the equation in Section 2.4 and is shown in Table 2 . This rate expresses the amount of wear material loss, over a specific distance, under a specific load. The wear rate data shows that SPS alloy has the lowest wear rate. Table 2 also shows the friction coefficient. The low friction coefficient of the SPS alloy indicates that the contact between the surfaces has a low resistance to friction. The lower friction resistance will provide smoother contact between the surfaces and therefore reduce the wear. The friction coefficient graphs are shown in Fig. 5 . The SPS alloy also has the lowest coefficient of friction which has a large influence on the wear rates as can be seen in Table 2 , as they complement each other. Having a higher friction coefficient gives higher wear rates as the two surfaces in motion have increased friction and therefore present a larger resistance to movement. For smooth motion between surfaces a low friction coefficient is beneficial as it can prevent friction from occurring and provides a low energy surface [59] . It also prevents the friction to cause phase changes due to point heating as the cobalt based alloys are known to undergo phase changes after wear, transforming from a FCC phase to a HCP phase due to strain induced deformation [60, 61] . The increased friction can cause the surfaces to become fused due to the heat produced during wearing and the sudden movement could remove large amounts of material. The friction coefficient graphs in Fig. 5 show how the friction coefficient changed during the wear test. In Fig. 5 , all graphs have a small amount of run-in phase after which the steady state phase is formed. The F75 and F1537 (Fig. 5a, b) have more "noisy" lines, as the friction coefficient fluctuates during the test, indicating that the test runs less smoothly. The SPS alloy (Fig. 5c) , has a smoother line in the steady state phase, indicating that during the test the friction coefficient remained fairly stable and the motion between the surfaces was smooth.
In hip replacement devices, one of the major failures is due to the aseptic loosening of the implant and this is related to the wear debris and high coefficient of friction [62, 63] . The wear debris when still circulating near the wear region can become entrapped between the bearing surfaces and during motion this accelerates abrasive wear. The other form of wear that usually occurs is sliding wear, where no abrasive particles are involved. The images of the wear track (Fig. 6) show the type of wear that has occurred. F75 and F1537 (Fig. 6a, b) show small areas of abrasive wear, where small grooves can be seen identifying the marks of the particles that may have been entrapped between the surfaces, which is common in wearing of these materials, where the actebular cup or femoral head shows large striations upon the surfaces indicating large amount of abrasive wear [64, 65] . The SPS alloy (Fig. 6c) , has no distinctive marks of abrasive wear indicating that only sliding wear may have occurred upon the alloy. With the SPS alloy showing a lower wear rate and a coefficient of friction compared to the other conventionally manufactured alloys, the amount of wear debris produced is less and therefore the risk of aseptic loosening is reduced.
The wear profile of the three alloys is shown in Fig. 7 . The cross sectional view can be used to determine how the wear has occurred. While the wear track image shows only the top surfaces with the grooves and other defects, the wear profile can indicate the amount of material loss, due to the area under the surface and the profile of the wear erosion. The F75 and F1537 wear profiles are very similar, and show a U bend shape, probably due to the hard alumina ball wearing upon the surface. The softer material enables the harder ball to penetrate deeper into the surface, and the shape of the curve can be attributed to the alumina ball. The F1537 alloy has a lower and wider depth indicating that it is a softer material compared to the F75, which can be confirmed by the hardness results (Fig. 3) . The wear profile of the SPS alloy has a shallower depth and is not so rounded-off at the end, indicating that the material is being worn away more steadily, instead of being gauged out completely, representing a harder alloy.
Wear particle analysis
The wear debris particle size of the alloys is shown in Table 3 . The SPS alloy shows the smallest particle size with the smallest standard deviation. The SPS alloy shows the narrowest size distribution indicating that the particles are of more monodispersed size compared to the size distributions of the other alloys. These results are similar to the wear debris size and size distribution generated in metallic hip replacement devices [65] .
The mode of the particle size distribution is in Fig. 8 . In the bovine serum there are materials such as proteins, salts and other molecules and these have certain sizes. The Nanosight LM10-HS measures the particle size of all the materials present in the solution and therefore the sizes of these materials are also measured. Some researchers isolate the particles using reagents that could cause changes to the size of the particles [66, 67] . The wear debris particle size is smaller than the other materials present and therefore the mode of the wear debris gives a good indication of the wear debris particle size without confusion with the other materials present. In Fig. 8a , the mode of particle size for F75 shows some peaks at the lower end around 32 nm and the main one at 60 nm, indicating that the particles could be of different sizes. The F1537 mode map (Fig. 8b) , has two characteristic peaks at 22 nm and 54 nm, also indicating different sizes of particles. The SPS mode map (Fig. 8c) , has one characteristic peak of 50 nm, showing that the particles are more of one size than a wider "distribution" of sizes.
The smaller the wear debris particle size, the higher the increase in the surface area for reactivity with biological material, this can be both a positive and a negative feature [68] . A larger wear debris size is harder to remove by the macrophages; therefore, requires giant cells to remove the material [69] [70] [71] . With smaller size particles, the macrophages would find it easier to engulf the foreign material ready for excretion. Also, larger material would need to be consumed and then transported, increasing the time for excretion and the processes involved [72] . The higher surface area from the smaller size particles increases the risk for reactions and therefore induces adverse effects with surrounding tissues [73, 74] .
The elemental content of the wear debris is shown in Fig. 9 . F75 shows the lowest level of Co detected, with F1537 indicating the most Co present. The SPS debris shows a higher level of Co than the F75, but the levels of Cr and Mo are much lower than the other two alloys. The low Cr and Mo content in the SPS alloy wear debris can be attributed to the presence of Cr rich and Mo rich phases and the Cr 2 O 3 phase, these phases have a high chemical stability within the matrix [75, 76] . The Cr and Mo found in F75 and F1537 are found in the matrix or attributed to the carbides. The carbide formation reduces the degradation resistance of the alloy and causes the release of metallic ions into the body [77] . The level of Co and Cr found in the blood and urine of patients implanted with hip replacement devices has been a very serious issue for surgeons [78] . Reactions with their ions and compounds formed within the body have caused major problems to surrounding tissues and other organs, such as the kidneys and the liver [79] [80] [81] . The SPS alloy microstructure shows potential to produce low wear rates and also release less Cr and Mo and therefore can have a tremendous positive impact on this problem, ensuring that the implant material for hip replacement devices is safer than the current material, causes less immune responses and therefore reducing the risk of failure and revision.
Conclusions
The microstructure and phase analyses of the three alloys have been studied in detail and indicate that the two conventionally manufactured alloys show similar microstructures and phases. The SPS alloy has a very different microstructure and phase content. The phases within the microstructure determine the hardness of the alloy and the similar phases of the F75 and F1537 give similar microhardness, with the F75 being slightly higher due to the increased quantity of carbon enabling more carbides to be formed. The SPS alloy was much harder, due to the specific phases, such as the HCP Co, which has few slip systems and the rich phases of Cr, Mo and Cr 2 O 3 that act as dislocation movement preventers, with the oxide being the hardest phase, making the alloy even harder. The nanohardness is higher than the microhardness due to formation of passive films that these Co-Cr-Mo alloys usually form on the surface of the alloy, which consists predominantly of Cr 2 O 3 . The tribological performance of the three alloys has been tested and it can be observed that the SPS alloy has 5-10 times lower wear rate compared to the other two alloys. The friction coefficient of the SPS alloy is lower too giving a smoother motion between the two bearing surfaces. The wear debris particle size of the SPS alloy is smaller and has a narrower size distribution. The metallic elemental content indicates that the SPS alloy releases much less Cr and Mo compared to the F75 and F1537, but still has a relatively high Co release. Overall, the SPS alloy shows an improvement in terms of tribological performance compared to the other conventionally fabricated alloys and releases smaller amounts of the Cr and Mo. Thus, this material shows significant promise as an alternative route for production of cobalt-based (Co28Cr6Mo) orthopaedic alloys, however determining other mechanical properties such as tensile/compression strength, elongation and its fatigue resistance, which will be performed in future work, will enable a thorough resume of the alloy for orthopaedic uses. 
